
Proc. Nati. Acad. Sci. USA
Vol. 91, pp. 11621-11625, November 1994
Biochemistry

Three-dimensional structure of extended chromatin fibers as
revealed by tapping-mode scanning force microscopy

(chicken erythrocyt/modeng)

SANFORD H. LEUBA*t, GUOLIANG YANG*t, CHARLES ROBERTI, BRUNO SAMORI§, KENSAL VAN HOLDEO,
JORDANKA ZLATANOVAtf, AND CARLOS BUSTAMANTEII**
*Institute of Molecular Biology, tDepartment of Chemistry, and I1Howard Hughes Medical Institute, University of Oregon, Eugene, OR; tDepartment of
Biochemistry and Biophysics, Oregon State University, Corvallis, OR 97331-7305; IDipartimento di Chimica, Universita delta Calabria, Arcavacata di Rende,
Cosenza, Italy; and Institute of Genetics, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria

Contributed by Kensal van Holde, June 22, 1994

ABSTRACT Unfixed chicken erythrocyte chromatin fibers
in very low salt have been imaged with a nning force
microscope operating in the tapping mode in air at ambient
humidity. These images reveal a threedimensional organiza-
ffon of the fibers. The planar "6zig-zag" conformation is rare,
and extended "beads-on-a-string" fibers are seen only in
chromatin depleted of histes Hi and H5. Glutaraldehyde
fixation reveals very similar structures. Fibers fixed in 10mM
salt appear somewhat more compacted. These results, when
compared with modeing stude, suggest that chromatin fibers
may exist as frregular three-dimensional arrays ofnucleosomes
even at low ionic strength.

The structure of the chromatin fiber in low salt concentra-
tions remains controversial. Electron microscopy (EM) ex-
periments, most of which utilized the Miller spreading tech-
nique (1), typically showed extended "beads-on-a-string" or
"open zig-zag" structures (refs. 2 and 3; for reviews, see refs.
4-6). At slightly higher ionic strength (-10 mM NaCI),
somewhat more compact, "closed" zig-zags of nucleosomes
were observed (7-9). Only upon further addition of NaCl to
about 100 mM did these extended structures condense to
form the so-called 30-nm fiber (8), which resembles struc-
tures observed in situ (7, 9, 10). However, there has been
concern that strong interactions of the fiber with the EM
support surface, and the dehydration produced by the high
vacuum conditions, could distort the structure, especially at
low ionic strength.

Attempts to circumvent these problems used solution
studies. The first scattering experiments suggested that the
nucleosomes were densely packed in a linear array (11, 12).
However, more recent results can be fitted better by an
open-helix model (13-19). Unfortunately, none of these
techniques can resolve details of structure, or provide more
than average properties of heterogeneous fibers. More re-
cently, cryo-EM suggested that the low-salt fiber exhibited
some three-dimensional structure, although details of the
conformation were difficult to resolve because of low con-
trast (reviewed in ref. 20). Furthermore, some earlier scan-
ning transmission EM images may also be interpreted as
two-dimensional projections of three-dimensional structures
(19, 21).
To address this controversy, a study was performed using

the three-dimensional imagi capabilities ofa scanning force
microscope, which makes it possible to image chromatin
fibers under less damaging conditions (22, 23). The samples
are never vacuum dried and are scanned in air at about 50%o
relative humidity. Under these conditions a film of liquid
water resides on the support surface (24). The newly devel-

oped tapping operation mode (25, 26) was employed, in which
a stiff cantilever is oscillated near its resonance frequency
with amplitudes typically in the range of 10-20 nm as the
sample is scanned laterally. The oscillation amplitude is kept
constant via feedback control. This operation has several
advantages over the contact mode, in which a tip is pulled
across the sample. Tip-sample forces are lighter than in the
contact mode. Moreover, since most of the force is perpen-
dicular to the surface, the sample experiences minimal lateral
deformation during scanning, thus improving spatial resolu-
tion (25, 26).

MATERIAL AND METHODS
Preparation and Fization of Chromatin. Chicken erythro-

cyte chromatin was prepared essentially as described (27),
with a reduction in the amount of micrococcal nuclease to
allow isolation of long fibers (28). Soluble chromatin was
dialyzed versus 5 mM triethanolamine/HC1 (pH 7.0), with or
without 10 mM NaCl and was stored on ice. In a few
experiments, 10 mM Tris/HCl (pH 7.5) was used; the struc-
tures observed in Tris buffer were indistinguishable from
those in triethanolamine buffer. When desired, chromatin
was stripped of histones H1 and H5 (29).

Glutaraldehyde fixation of chromatin in the various salt
concentrations was done as described (8, 30); the fixed prep-
arations were dialyzed extensively versus triethanolamine
buffer and were stored on ice.

Scann-ng Force Mkroscopy (SFM) Imain. Fibers were
deposited on cover glass cleaned by prebaking for 5 min at
600°C. Twenty microliters of sample was incubated on the
glass surface for 1 min and rinsed with 10 drops ofNanopure
water (Barnstad), and excess liquid was blotted and blown off
with nitrogen gas. When freshly cleaved mica was used as a
substrate, the surface was first treated with 20 Ad of 1 nM
spermidine for 5 min, washed, blotted, and dried with nitro-
gen gas. Spermidine treatment markedly improved adhesion
to the mica. It is unlikely that the salt concentration of the
samples increased during deposition, since hardly any evap-
oration occurred during the short incubation. Furthermore,
after this incubation, the surface was thoroughly rinsed with
water. Thus, the dissociation observed in 10mM salt on mica
(see Results) cannot have resulted from increasing salt con-
centration during the deposition process; similar dissociation
was not observed on glass.
Analyds of SFM Images. The lateral dimensions of biolog-

ical structures in SFM are overestimated because ofthe finite
dimensions of the tips. Conversely, the heights are usually
underestimated by an amount determined by the compliance
of the sample, the minimal clipping of the cantilever ampli-
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tude that yields stable imaging, and the strength of the
attractive interaction between the tip and the sample. The
tips used in the tapping mode have a pyramidal shape
characterized by a taper angle e. To a first approximation, the
apparent lateral dimensions ofan object can be related to the
dimensions of the tip by

Wapp = Wuue + 2 tan(O)Happ, [1]

where Wa. and Wt,.. are the "apparent" and "true" widths
of the object, respectively, and Ham is its apparent height. 0
can be determined from the known width and the apparent
width and height of nucleosomes in the same image. Once 0
is known, the correct lateral dimensions of the object can be
calculated from its apparent dimensions by using Eq. 1.

RESULTS
Chronatin Fibers Exhibit Three-Dhuenslonal Structure in

Dilute Buffers Even In the Absence ofAdded Salt. Fig. 1 shows
SFM images ofunfixed chicken erythrocyte chromatin fibers
deposited on glass (A and B) and mica (C and D). The fibers
are likely to retain at least the strongly bound and structurally
essential water under the conditions used here (24). Irregular,
three-dimensionally organized nucleosomal arrays are con-
sistently observed in these preparations; only rarely can flat
zig-zags or extended beads-on-a-string be found. The images
on glass and mica are generally similar, although the mica
surface appears to slightly extend unfixed fibers, perhaps
because of stronger interaction with some chromatin com-
ponents. The fibers have an apparent average diameter of
about 44 + 5 nm. This is certainly an overestimate, since in
this series of experiments the objects corresponding to nu-
cleosomes appear to be about 16 nm in diameter (Table 1).
The measured diameter ofnucleosomes can be used together

with the expected value of 11 nm to estimate the correct
lateral dimensions of the fibers (see Materials and Methods,
Eq. 1). The corrected value for the unfixed fiber diameter
then becomes 34 ± 5 nm (Table 1).
To eliminate possible distortions from interaction with the

substrate, fibers fixed in glutaraldehyde were examined (Fig.
1 E and F, for examples on mica). These closely resemble
unfixed fibers, except that the proportion of more regular
three-dimensional structures increases slightly. The cor-
rected fiber diameter remains essentially unchanged (34 ± 4
nm). Individual nucleosomes appear more well defined than
in unfixed chromatin. This improvement may result from a
reduced compliance of the fixed nucleosomes to tip forces.
Similar images were obtained on glass (not shown).
The variation in color tones in Fig. 1 displays roughly the

difference in height of different nucleosomes above the
surface ofthe support. Although the SFM technique does not
give absolute height values (see Materials and Methods), the
fact that individual nucleosomes and fibers give apparent
average heights of 3 nm and 6 nm, respectively, further
supports the notion of a three-dimensional organization of
these fibers. The three-dimensional nature ofthese structures
is better depicted in surface plots seen from an inclination
angle of 300 with respect to the horizon (Fig. 2).

This three-dimensional structure is not observed with
chromatin depleted of histones H1 and H5 (Fig. 3). The
majority of fibers are in the conventional beads-on-a-string
morphology, revealing the linker DNA which is rarely seen
in undepleted fibers. Thus, the presence of linker histones is
required to maintain the three-dimensional structure of chro-
matin fibers even at low ionic strength.
SFIM Images in Buffers Conta 10mM NaCl. Thoma et

al. (8) have suggested that an increase in salt concentration to
10 mM causes closing of the zig-zag to form a flat ribbon of
nucleosomes. Attempts to image unfixed fibers at 10 mM

Fio. 1. Tapping-mode SFM images of unfixed (A-D) or glutaaldehyde-fxed (E and F) chromatin fibers deposited from 5 mM
triethanolamine/HCI (pH 7.0) on glass (A and B) or mica (C-F). Image sizes are 2000 nm x 2000 m (A, C, and E) and 600 m x 600 m (B,
D, and F). Heights are coded by color, with low regions depicted in dark red and higher regions in increasingly lighter tones of red, as indicated
in the height scale from 0 nm to 15 nm.
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Table 1. Parameters of fibers as determined by SFM imaging
Apparent Apparent Corrected Minimal mass per

nucleosome fiber fiber length, no. of
Conditions* diameter, nm diameter, am diameter, am nucleosomes per 10 am

Unfixed 16±1 44±5 34±5 0.9±0.15
Glutaraldehyde-fixed 12 ± 2 36 ± 4 34 ± 4 1.5 ± 0.25
10 mM NaCl,

glutaraldehyde-fixed 10 ± 1 30 ± 5 30 ± 5 2.2 ± 0.35
Apparent diameters are a function of the properties of individual tips used in each series of experiments. Correction for

tip dimensions is according to Eq. 1.
*Buffer was 5 mM triethanolamine/HC1 (pH 7.0).

NaCl yielded only low-quality images on glass or resulted in
extensive dissociation of the fibers on mica (see Materials
and Methods).
Because of these difficulties, the conformation of chroma-

tin fibers in 10 mM salt was studied after glutaraldehyde
fixation. Glutaraldehyde fixation is known to maintain the
structure of chromatin fibers even when, as here, the salt
present at the time of fixation is removed afterwards (8, 10,
31) or when more salt is added (31). Further evidence that
glutaraldehyde fixation does not cause gross artifacts is seen
in Fig. 1: fixed and unfixed fibers, deposited from 5 mM
triethanolamine/HCl (pH 7.0), are very similar in appear-
ance.

Fibers fixed in 10mM NaCl appeared better organized than
those obtained in the absence of added salt, with some
regions exhibiting what appears to be localized helical con-
formation (30). The fibers have a relatively uniform diameter
of 30 ± 5 nm (Table 1).
Modeling of Chromatin Fibers at Low Salt. Recently,

Woodcock et al. (32) proposed a model ofthe chromatin fiber
in which the structure is dictated by a limited number of
parameters, including the linker length and the angle between

FIG. 2. SFM images of unfixed (A) or fixed (B) chromatin fibers
deposited from 5 mM triethanolamine HCO (pH 7.0) on mica and
viewed from an inclination angle of 300. In A (the same molecule is
depicted in Fig. 1D), a rare example of a transition between a
structured fiber and an extended string of nucleosomes is shown.
These transitions were observed only in unfixed samples. Image
sizes are 600 nm x 600 nm. Heights are coded as in Fig. 1, with a scale
from 0 nm to 30 nm.

the DNA entering and exiting each nucleosome. If all linkers
were of uniform length, a regular helix would result, but
variability in linker length should produce an irregular,
distorted helix.
A similar model, incorporating the values for linker lengths

characteristic of chicken erythrocyte chromatin, can be used
to predict an SFM image (Fig. 4). To do so, the computer-
generated array of disk-shaped nucleosomes and DNA link-
ers was projected onto a surface; in such a projection each
nucleosome touches either the surface or other nucleosomes
already on the surface. The effects offinite tip dimensions on
the image were then simulated according to the method of
Keller and Franke (33). To make heights of nucleosomes in
the calculated image agree with those actually observed in
SFM, all heights were compressed by a factor of 2 as the
imaginary tip scanned the model fiber. Clearly, as seen in Fig.
4, prediction and observation agree so well as to make blind
guesses ofwhich image is simulated and which is experimen-
tally very difficult.

DISCUSSION
Inegrity of Samples. A concern in any in vitro study of

chromatin structure is the integrity of the samples. The
materials used here were carefully monitored by all available
criteria. The digestions to prepare long fibers were mild, with
samples never exposed to salt concentrations above 150 mM.
Gel electrophoresis indicated that all histones were present in

FiG. 3. SFM image offibers which had been stripped ofthe linker
histones, fixed, and then deposited from 5mM triethanolamine/HCI
(pH 7.0) on mica. Image size is 600 nm x 600 am. The color of the
height scale (Onm to 12 m from dark blue to white) has been changed
to facilitate the visualization of the linker DNA.
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FIG. 4. Model of the chromatin fiber and its simulated SFM image. (A) Model ofa chromatin fiber used in these simulations. The DNA wraps
in a left-handed fashion 1.75 turns around a histone octamer. The octamer is simulated by a disk 5.5 nm high and 11 nm in diameter. The radius
ofcurvature ofthe DNA wrapped around the core is 55 A, and the pitch of the DNA is 28.6 A. The DNA has 10.15 bp per turn around the histone
octamer and 10.4 bp per turn in the linker portion. The exit angle of the DNA is determined by the tangent at the point it leaves the nucleosome.
The length of the linker DNA is determined by means of a uniform deviate random-number algorithm which generates linker lengths between
60 and 64 bp. The linker DNA is assumed to adopt a straight configuration between nucleosomes. In this model the DNA cannot rotate freely
on the surface of the nucleosome core. This feature simulates the DNA-core interactions which fix the DNA-octamer surface contacts along
the path of the DNA. This model generates three-dimensional, randomly organized fibers with an average diameter of 30 nm. (B) The model
in A as it appears on a plane after partial flattening to simulate the process of deposition on the mica. (C) Simulated SFM image of the model
in B, obtained by convoluting this model with a parabolic tip with a radius of curvature of 10 nm. (D) Image of C viewed from a 30° inclination
angle. (E) A 300 view of an experimental SFM image of a fixed chromatin fiber deposited on mica from 5 mM triethandoamine/HCl (pH 7.0).
Image sizes are 400 nm x 400 nm (B-E). Heights are coded as in Fig. 1, with a scale from 0 am to 50 nm.

their normal stoichiometries, with no evidence of degrada-
tion. Samples prepared by this method condense into com-
pact fibers at higher ionic strength (30), and also become
highly resistant to attack by micrococcal nuclease (28), a
further indication of compaction. The ability to condense
may serve as an indication for the integrity of the samples,
since even slight damage to the linker histones would affect
this property (e.g., ref. 34). Although none of these criteria
(nor any other known criterion) can guarantee that each and
every chromatin fiber is intact, they reflect the properties of
the dominant forms present in the population, which are the
ones described in these studies.
Co aion with Other Results. In terms of general fiber

morphology, none ofthe scattering experiments performed at
low ionic strength have been consistent with a linearly
extended, beads-on-a-string structure but could be consistent
with the kind ofirregular fibers seen in the present study. The
flattened zig-zag conformation inEM images may result from
strong interactions of the fibers with the supporting surface
and complete removal ofwater of hydration. However, some
scanning transmission EM pictures (19, 21) resemble closely
what would be expected for two-dimensional projections of
the kind of structures observed here.
The average radii of the fibers are in the range 30-40 nm.

Very similar values have been estimated from studies of
chromatin in dilute aqueous salt solutions using light scat-

tering (13, 14), electric birefringence (15), or low-angle x-ray
scattering (16, 35).

Mass-per-unit-length measurements from solution studies
typically indicate one to two nucleosomes per 10 nm at very
low salt (11, 12, 18), increasing to two to three nucleosomes
per 10 nm with the addition of NaCl to 20 mM (12). Direct
counting of individual nucleosomes on many SFM images
yielded the values given in Table 1. These are minimal
estimates because only nucleosomes on top of the fibers can
be counted, while it is clear that some are hidden below.
Thus, the actual values are likely to be larger, but surely
<2-fold greater. The data in Table 1 show that a moderate
increase in ionic strength leads to an axial contraction of the
fiber without significant change in radius.

Fibers as Distorted Helices. The modeling studies provide a
credible rationale for the observed structures. Given the
constraints imposed, a chain of nucleosomes must have the
kind ofquasi-order observed in the SFM pictures. Relaxation
ofany ofthose constraints can be expected to lead to different
conformations. For example, removal of lysine-rich histones
relaxes the restriction on exit and entry angles ofDNA in the
nucleosome, thereby allowing the extended beads-on-a-
string structure, as observed here and in another recent SFM
study of oligonucleosomes reconstituted in the absence of
linker histones (36). With increasing ionic strength the linkers
should become more flexible (37) and nucleosome-
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nucleosome interactions should become stronger. Both these
effects should lead to axial contraction of the fiber without
gross changes in fiber morphology, exactly as is observed in
the salt concentration range studied here. Ionic strength-
dependent compaction of dinucleosomes has been directly
demonstrated (38). The marked condensation of chromatin
observed at still higher ionic strengths may require more
fundamental changes in the structure. The observation that
the location of lysine-rich histones with respect to the nu-
cleosomes is different under low and high ionic strength
conditions (26) may provide a key to this condensation.
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